Contributed by R. Scott Hawley, January 29, 2013 (sent for review October 29, 2012) Drosophila melanogaster Polo kinase physically interacts with, and is repressed by, the Matrimony (Mtrm) protein during oogenesis. Females heterozygous for a deletion of the mtrm gene display defects in chromosome segregation at meiosis I. However, a complete absence of Mtrm results in both meiotic catastrophe and female sterility. We show that three phosphorylated residues in an N-terminal region in Mtrm are required for Mtrm::Polo binding. However, this binding is noncanonical; it does not require either a complete S-pS/pT-P motif in Mtrm or key residues in the Polobox domain of Polo that allow Polo to bind phosphorylated substrates. By using fluorescence cross-correlation spectroscopy to characterize the Mtrm::Polo interaction in vivo, we show that a sterile α-motif (SAM) domain located at the C terminus of Mtrm increases the stability of Mtrm::Polo binding. Although Mtrm's C-terminal SAM domain is not required to rescue the chromosome segregation defects observed in mtrm/+ females, it is essential to prevent both meiotic catastrophe and the female sterility observed in mtrm/mtrm females. We propose that Polo's interaction with the cluster of phosphorylated residues alone is sufficient to rescue the meiosis I defect. However, the strengthening of Mtrm:: Polo binding mediated by the SAM domain is necessary to prevent meiotic catastrophe and ensure female fertility. Characterization of the Mtrm::Polo interaction, as well as that of other Polo regulators, may assist in the design of a new class of Polo inhibitors to be used as targeted anticancer therapeutic agents.
cell division | cell cycle | protein-serine-threonine kinase | protein binding | spindle assembly S uccessful cell division requires the careful coordination of multiple processes, such as DNA replication, nuclear envelope breakdown (NEB), alignment and segregation of chromosomes on the spindle, and finally, cytokinesis. Temporal and spatial control of these events is partially regulated by Polo-like kinases, hereafter referred to as Polo, which are conserved from budding yeast (Cdc5) to humans (Plk1) (1) (2) (3) (4) . Polo is comprised of two functional domains-a canonical N-terminal serine/threonine kinase domain and a unique C-terminal Polo-box domain (PBD)-that are separated by a flexible linker region. The noncatalytic PBD consists of two Polo boxes, PB1 and PB2, which function as a single protein-binding unit.
Studies in several organisms have identified a number of mutations within the PBD that abrogate its ability to selectively bind phosphorylated proteins containing the core consensus motif S-pS/pT-P/X (5-8). The classic "pincer mutant," which fails to bind the core consensus motif S-pS/pT-P/X of Polo targets, was first identified as an H538A, K540M double-mutant residing within PB2 of human Plk1 (5, 6) . (The equivalent mutations within the highly conserved PB2 of Drosophila Polo are H518A and K520M.) One example of this type of binding is the interaction between Plk1 and Bub1, a spindle checkpoint protein, in mitotic HeLa cells. This interaction requires the phosphorylation of Bub1 at a threonine within a conserved S-pT-P PBD binding motif and is critical for the proper localization of endogenous Plk1 to kinetochores during mitosis. The Polo::Bub1 interaction is also dependent on the PBD, as the Plk1 H538A, K540M pincer mutant is unable to coimmunoprecipitate (co-IP) with the Bub1 protein (8) .
However, it is becoming increasingly clear that Polo is also capable of interacting with regulatory proteins via noncanonical mechanisms (7) . For example, in Drosophila S2 cells, Polo has been shown to robustly interact with the microtubule-associated protein Map205 during interphase of the cell cycle (9) . Although a functional PBD and some structural elements of the Polo kinase domain, as well as a 162-aa region in Map205, are required for this interaction, it occurs by a phospho-independent mechanism (9) . Although other examples of noncanonical Polo binding will be discussed below (Discussion), we focus here on the interaction between Drosophila Polo and its regulator Matrimony (Mtrm).
Although the Mtrm protein was first shown to be a Polo binding protein by a global yeast two-hybrid (Y2H) interaction screen (10) , the mtrm gene was identified in a genetic screen for genes that were haplo-insufficient with respect to the proper segregation of achiasmate homologs at the first meiotic division (11) . Loss-of-function alleles of mtrm cause three distinct phenotypes: (i) high levels of achiasmate chromosome missegregation in mtrm/+ females, (ii) precocious NEB in mtrm/+ and mtrm/mtrm females, and (iii) sterility in females with a mtrm-null Significance Polo kinase regulates many processes during cell division and is upregulated in many cancers. During Drosophila female meiosis, the protein Matrimony inhibits Polo kinase using a noncanonical mechanism of Polo binding. Complete loss of Matrimony leads to meiotic catastrophe, and partial loss leads to chromosome missegregation. Proper Matrimony-Polo binding is required to prevent these defects, indicating that preventing Polo from phosphorylating targets is necessary for proper completion of meiosis. This finding is in contrast to mitosis where phosphorylation by Polo is usually required for cell division. This work provides important insight into developing anticancer therapeutic agents targeting Polo kinase. mutant background (12) . The interaction between Mtrm and Polo was demonstrated genetically by the finding that reducing the dose of the polo + gene to one copy fully suppressed the chromosome segregation defect seen in mtrm/+ females, while increasing the dose of the polo + gene to three copies in females with two functional copies of mtrm + induced defects in chromosome segregation (12) . Xiang et al. (12) confirmed the physical interaction of Mtrm and Polo observed in Y2H studies with Drosophila oocytes by co-IP and proteomic analysis (12) . These observations support a model in which Mtrm binding serves to inhibit the activity of Polo, and lend evidence to the idea that unbound Polo is deleterious to proper chromosome segregation during meiosis I.
Although it remains to be shown biochemically, multiple lines of genetic evidence strongly suggest that Mtrm acts by inhibiting the activity of Polo kinase, and that Polo is likely to be the only target of Mtrm. First, as noted above, mutants in polo dominantly suppress the meiotic defects seen in mtrm/+ heterozygotes (12) . Second, others have demonstrated a genetic interaction of Mtrm with other regulators of Polo, most notably, Scant (a dominant allele of greatwall) and endos (13, 14) . Third, Von Stetina et al. (14) demonstrated that reducing polo + dosage suppressed the decreased fertility observed in mtrm endos double heterozygotes. The authors also showed that increasing the dosage of polo + to three copies resulted in almost complete sterility of mtrm heterozygous females (14) . Fourth, in the proteomic studies performed by Xiang et al. (12) in which Mtrm was used as the bait protein, Polo was the only consistent highaffinity interactor.
In Xiang et al. (12) , immunofluorescence studies suggested that the amount of Mtrm was greatly decreased at the end of stage 12, coincident with NEB (12, 15) . However, Von Stetina et al. (14) clearly showed by Western blot analysis that Mtrm levels substantially increase in stages 13 and 14. Indeed, we show below that the concentration of both Mtrm and Polo increases by approximately fivefold during the transition from stage 13 to stage 14. In this article we characterize both the role of Mtrm as a regulator of Polo at stages 13 and 14 and the nature of the physical Mtrm::Polo interaction.
Although Xiang et al. (12) initially suggested that Mtrm and Polo interacted via a canonical interaction of the PBD of Polo with the S-pT-P motif of Mtrm, we use three techniques [co-IP from Drosophila ovaries, Y2H analysis, and fluorescence crosscorrelation spectroscopy (FCCS) studies in living stage 13 and 14 oocytes] to demonstrate that the interaction of Mtrm and Polo is actually mediated by at least two highly conserved regions in Mtrm, an 18-aa N-terminal region that includes the S-pT40-P motif and a 61-aa C-terminal sterile α-motif (SAM) domain (Fig.  1A ). The Mtrm::Polo interaction does not require the serine at the −1 position of the S-pT40-P motif, demonstrating that this interaction does not explicitly follow the canonical mechanism previously described (6) .
Finally, we demonstrate that Polo and Mtrm use a noncanonical mechanism of interaction with regard to the PBD. Mutational ablation of the classic pincer residues within PB2 does not prevent Polo from binding Mtrm in co-IP experiments. Moreover, FCCS studies show that the Polo pincer mutant retains a strong ability to bind Mtrm in vivo, providing further evidence for noncanonical binding. We propose a model in which Polo's interaction with the N-terminal cluster of three phosphorylatable Mtrm residues alone is sufficient to rescue the meiosis I defect, but strengthening of Mtrm:: Polo binding, which is mediated by the SAM domain, is necessary to prevent meiotic catastrophe and ensure female fertility.
Results
Three Highly Phosphorylated Residues in Mtrm Are Required for Mtrm::Polo Binding. Because Polo is thought to bind to phosphoproteins, we were interested in determining which residues in Mtrm are required for this interaction. Previous work (12) showed that Mtrm is phosphorylated on five residues in Drosophila ovaries: T40, S48, S52, S124, and S137 (12) . One of these sites, S124, was previously shown by Xiang et al. (12) to be dispensable both for binding to Polo and for Mtrm function and thus will not be considered here.
To investigate the role of the four other phosphorylated residues in Polo binding, we generated a single alanine point mutation at each site to block phosphorylation. FLAG-tagged overexpression mtrm transgenes were integrated into the same genomic site using phiC31 site-specific integration (16, 17) . Expression of Mtrm protein from a full-length wild-type construct (denoted mtrm FL ), a construct bearing a deletion of amino acids 2-54 of the N-terminal region, which includes T40, S48, and S52 (denoted mtrm Nterm-deletion ), or constructs bearing single T40A, S48A, S52A, or S137A mutations (denoted mtrm T40A , mtrm
S48A
, mtrm
S52A
, and mtrm S137A ) were evaluated by Western blotting (Fig. S1 ). Additionally, a mutation that changed the first serine of the S-pT40-P motif of Mtrm to an alanine (denoted mtrm
S39A
) was also tested, as this serine is typically required for Polo binding to S-pT-P motifs in Polo targets (5) . Mtrm protein from all constructs was expressed within the ovaries (Fig. S1 ).
To test their ability to physically interact with endogenous Polo, FLAG-tagged proteins were immunoprecipitated from ovarian extracts of mated 2-d-old females grown on yeasted medium. These ovaries would be enriched for stage 13 oocytes (relative to stage 14 oocytes) (18) . Co-IP of Polo was assayed by Western blotting with antibodies against Polo. As shown in Fig. 1B , both Mtrm S39A and Mtrm S137A interact with Polo to levels comparable to Mtrm FL . The ability of the Mtrm S39A mutant to bind Polo was unexpected because, as noted above, several studies of other Polo targets have shown that the serine at the -1 position of the S-pS/pT-P/X motif was absolutely critical for PBD-dependent binding (6, 19) . This result suggests that the interaction of phosphorylatable T40 with Polo does not require a serine at the −1 position for Polo binding. The finding that the Mtrm S137A mutant protein binds to Polo is perhaps surprising, given that this residue falls within a near-perfect consensus motif for Polo phosphorylation (D/E-X-pS/pT-Ø-X-D/E), and that Xiang et al. (12) found it to be one of the most highly phosphorylated residues in Mtrm. In both cases, the ability of Mtrm S39A and Mtrm S137A mutant proteins to bind Polo correlates with the ability of these serineto-alanine mutants to fully rescue Mtrm function (see below, and Table 1 and Table S1 ).
However, the Mtrm Nterm-deletion , Mtrm T40A , Mtrm S48A , and Mtrm S52A mutant proteins showed greatly reduced binding to Polo. These data indicate that in addition to T40, both S48 and S52 are critical for the binding of Mtrm to Polo. We conclude that the S-pT40-P motif is not the sole determinant for Polo association, but rather that these three highly phosphorylated residues define an N-terminal motif that is essential for Mtrm to bind Polo.
Using the Y2H system, we tested if the interaction between Mtrm and Polo was direct. Because Saccharomyces cerevisiae does not have an ortholog of Mtrm, it would be unlikely that they express accessory proteins required for Mtrm::Polo binding. However, it seemed likely that Mtrm and Polo would interact in this heterologous system because it was used to initially demonstrate their association (10) . Therefore, we expressed Mtrm FL fused to the Gal4-DNA activation domain (AD) and Polo WT fused to the Gal4-DNA binding domain (BD) in yeast cells containing a HIS3 reporter. As expected, cells containing Mtrm FL -AD and Polo WT -BD, but not cells containing a single plasmid, were able to grow on media lacking histidine, confirming a physical interaction between these two proteins in yeast (Fig. S2) .
To determine which Mtrm residues are required for Polo interaction, Mtrm-AD constructs containing the S48A, S52A, and S137A point mutations were tested for the ability to bind to a Polo WT -BD construct and compared with Mtrm FL (Fig. S2A) . (Fig. S2) . These data are consistent with our co-IP studies in flies and demonstrate a requirement for residues S48 and S52 for Mtrm-Polo binding.
However, strains expressing Polo WT -BD and Mtrm T40A -AD were also able to grow on selective media, although this residue was required for Mtrm-Polo binding in the ovary (Fig. S2) . One possible explanation for the failure of the T40A mutant to prevent the Mtrm::Polo interaction as assayed by Y2H studies is that this residue is simply not phosphorylated in yeast. Consistent with this hypothesis, posttranslational modification analysis of Mtrm expressed in yeast showed no phosphorylation for either T40 or S137, but S48 and S52 were phosphorylated (Table S2 ). The absence of phosphorylation of T40 in yeast likely explains its failure to play a significant role in mediating the Y2H interaction . Full genotypes of the transgenic lines were w;GFP-polo, and no-construct flies were y w;spa pol . (F) FCCS was performed on mCherry-tagged Mtrm protein with GFP-tagged Polo proteins. Flies were y w/w;mCherry-mtrm/GFP-polo. Negative cross-correlation may be observed when diffusion of two species is not random, but some factor actively causes them to be segregated in space or time. However, in this case, cross-correlation values in select cases appear negative because of uncertainties in the measurement, as none of the negative cross-correlation values are statistically indistinguishable from the null hypothesis.
with Polo in yeast. Moreover, the ability of the S48A and S52A mutations to block the Mtrm::Polo interaction in yeast argues that these phosphorylated residues play a direct role in mediating the Mtrm::Polo interaction rather than simply reflecting the activity of priming kinases that facilitate the phosphorylation of T40. Taken together, these data strongly support the view that the interaction of Mtrm with Polo is a direct physical interaction.
To assess the interaction of Mtrm and Polo in living oocytes, as well as confirm that the N-terminal region was required for mediating the Mtrm::Polo interaction, we examined the interaction of mCherry-Mtrm FL and mCherry-Mtrm
Nterm-deletion with a GFP-tagged Polo protein using FCCS (see SI Text). In FCCS, fluctuations in fluorescence intensity are monitored as molecules diffuse through a confocal focal volume. In the case of codiffusing species, fluctuations measured for GFP will mirror those of mCherry, allowing for detection of codiffusing-and thus bound-particles. This method is uniquely able to detect interactions of diffusing species at nanomolar to micromolar concentrations (reviewed in ref. 20) .
The mCherry-Mtrm FL and mCherry-Mtrm Nterm-deletion constructs were driven by the genomic mtrm promoter. Functionality of the mCherry-Mtrm FL construct was demonstrated by its ability to rescue the chromosome missegregation phenotype of mtrm/+ females (Table S3) . Similarly, the GFP-tagged wild-type Polo construct (denoted GFP-polo wt ) was able to substantially rescue the sterility of polo 1 /polo Df females (Materials and Methods). Cross-correlation data for Mtrm and Polo were obtained using a Zeiss Confocor 3 (SI Text) to detect interactions of the two fluorescently labeled proteins in the mobile, cytosolic pool in stage 13 and 14 oocytes. These data are summarized in and GFP-Polo wt in either stage 13 or 14 oocytes, indicating that the two proteins do not bind (P = 0.28 and 0.54 for stages 13 and 14, respectively, n = 10, 11). Because there was no interaction, a binding constant could not be determined. (As shown in Table  S3 , the failure of the mCherry-Mtrm Nterm-deletion construct to bind GFP-Polo wt is consistent with its inability to rescue the chromosome missegregation phenotype of mtrm/+ females.) These data confirm that Mtrm and Polo interact physically within the oocyte and demonstrate that this interaction depends on the N-terminal region of Mtrm.
Deletion of the SAM Domain Diminishes but Does Not Ablate the Ability of Mtrm to Bind Polo in Stage 14 Oocytes. The highly conserved C terminus of Mtrm contains a SAM domain that spans residues Y154 to L217 (12, 21) . Deletion of the entire SAM domain resulted in a version of Mtrm (Mtrm SAM-deletion ) that failed to bind Polo as assayed by co-IP of ovaries enriched for stage 13 oocytes (Fig. 1B) . Additionally, when examining the interaction of the Mtrm SAM-deletion -AD protein by Y2H with Polo-BD there was a strong decrease in colony growth on selective media compared with Mtrm FL -AD (Fig. S2) . Similarly, as shown in Fig. 1C , FCCS failed to find a significant interaction between GFP-Polo wt and mCherry-Mtrm SAM-deletion in stage 13 oocytes (P = 0.32 compared with the null hypothesis, n = 10). These results suggest that, at least in stage 13 oocytes and in yeast, the SAM domain plays a critical role in the physical interaction of Mtrm and Polo.
However, FCCS studies in stage 14 oocytes revealed significant cross-correlation between GFP-Polo wt and mCherryMtrm SAM-deletion (P = 0.04 compared with the null hypothesis, n = 9), but the extent of interaction was reduced relative to mCherry-Mtrm FL (P = 0.05). One possible explanation for the observed binding of mCherry-Mtrm SAM-deletion to GFP-Polo wt is that the levels of both Mtrm and Polo increase dramatically from stage 13 to stage 14 (14) . Indeed, consistent with the observations of Von Stetina et al. (14) , the levels of both the Mtrmand Polo-tagged constructs reproducibly increased by approximately fivefold from stage 13 to stage 14 as determined from the amplitude of their correlation curves (20) in the FCCS data (Table S4 ). Perhaps the very high concentrations of these two proteins at stage 14 allow the visualization of a very weak interaction between Polo and an Mtrm protein bearing a deletion of the SAM domain. Genetic evidence that such an interaction indeed exists and is biologically significant is presented below.
Binding of Mtrm to Polo Does Not Require Residues in the PBD of Polo
That Bind Phosphorylated Residues on Target Proteins. To examine the role of the PBD of Polo in mediating the Mtrm::Polo interaction, we introduced transgenic constructs carrying mutations that abrogate the ability of the PBD to selectively bind proteins via an S-pS/pT-P motif, specifically the H518 and K520 pincer residues in the second PBD (Fig. 1D) . We used both a wild-type Polo construct (denoted GFP-polo wt ) and a mutant transgenic Polo construct (denoted GFP-polo H518A K520M
) driven by the native polo promoter. The GFP-polo H518A K520M mutant construct was not able to rescue the sterility of polo 1 /polo Df females or the lethality of a stronger polo mutant (Materials and Methods), indicating that these residues are essential for Polo function.
The constructs were tested by co-IP experiments for their ability to interact with mCherry-Mtrm FL . As shown in Fig. 1E , GFP-Polo H518A K520M was able to bind Mtrm at levels comparable to GFP-Polo wt . These data demonstrate that the conserved H518 and K520 residues that facilitate the ability of Polo to selectively bind proteins via an S-pS/pT-P motif are not required for the Mtrm::Polo interaction. Similar results were obtained using the Y2H system (Fig. S2B) , confirming that the Polo H518A K520M double-mutant binds Mtrm at levels comparable to Polo wt . The failure of the H518A K520A mutant to impede the ability of Polo to bind to Mtrm was confirmed by FCCS studies. The interaction of GFP-Polo H518A K520M and mCherry-Mtrm FL was indistinguishable from the interaction of the GFP-Polo wt and mCherry-Mtrm FL proteins (P = 0.67 and 0.56 for stage 13 and 14 oocytes, respectively, n = 7, 14) (Fig. 1F) . These data confirm that Polo binds to Mtrm via a noncanonical mechanism that does not require the classical pincer residues of Polo. (12) .
To understand the consequences of reducing or eliminating Mtrm binding to Polo during the processes of chromosome segregation that occur during stages 13 and 14, we tested the mutant mtrm transgenes for their ability to rescue the meiotic chromosome segregation defect observed in mtrm/+ heterozygotes. The meiotic defect observed in mtrm/+ heterozygotes only impairs the segregation of nonexchange chromosomes; thus these females were heterozygous for an X chromosome balancer (FM7) to prevent crossing over on the X chromosome. We then examined the effect of each construct on the segregation of the achiasmate X and fourth chromosomes. Out of concern that expression levels may be critical for this assay of nondisjunction, meiotic rescue was measured using both the nanos-GAL4 driver (Table 1 ) and the native mtrm promoter (Table S3) , and mtrm S52A mutations were all unable to rescue the meiotic chromosome segregation defect observed in mtrm Df /+ heterozygotes. Surprisingly, however, transgenes bearing the mtrm SAM-deletion rescued the meiotic chromosome segregation defect. As noted above, this was true regardless of whether the mtrm SAM-deletion construct was driven by the nanos-GAL4 or the native mtrm promoter (Table 1 and Table S3 ). We discuss below that this rescue reflects the weak ability of the mtrm SAM-deletion construct to bind to Polo, as observed in the FCCS studies.
To further understand the chromosome segregation defects of mtrm mutants, prometaphase I and metaphase I oocytes from mtrm/+ females were examined and compared with wild-type oocytes ( Fig. 2A and Fig. S3A ). The primary cytological defect observed in oocytes from mtrm/+ females is malorientation of the nonexchange fourth chromosomes, which can be identified either by their intense staining with DAPI or by a FISH probe recognizing a highly repeated heterochromatic sequence on the fourth chromosomes (Fig. 2 B and C) . The mtrm/+ oocytes expressing mtrm FL were comparable to +/+ oocytes (Fig. S3A) , with the fourth chromosomes properly oriented in opposite directions, which is consistent with the full rescue of chromosome missegregation assayed genetically (Table 1 and Fig. S3B ).
On the other hand, the mtrm/+ oocytes expressing the mtrm Nterm-deletion were similar to mtrm/+ alone, with instances of both fourth chromosomes on the same side of the chromosome mass, indicating the fourth chromosomes are oriented toward the same pole (12) (Fig. S3C) . This malorientation is in agreement with the failure of mtrm Nterm-deletion to rescue nondisjunction ( Table 1) . As predicted from the genetic studies described above, (Table 1) , the mtrm SAM-deletion construct was able to rescue the fourth chromosome misalignment observed cytologically in mtrm/+ oocytes (Fig. S3D) . Again, this strong rescue of the chromosome misalignment phenotype of mtrm heterozygotes is consistent with the Polo::Mtrm interaction in stage 14 oocytes detected by FCCS (Discussion).
Although chromosome segregation defects were common in mtrm/+ oocytes, the great majority of spindles appeared structurally normal. Indirect immunofluorescence microscopy revealed tapered bipolar spindles in 22 of 26 oocytes carrying two wild-type copies of mtrm (Fig. 2A) . For mtrm Df /+ oocytes, 15 of 21 had tapered bipolar spindles (Fig. 2B) (12) . The mtrm transgenic constructs also showed predominantly normal spindles when expressed in a mtrm Df /+ background ( Fig. S4 ; quantification explained in the figure legend) . Thus, the chromosome missegregation defect appears to result from a defect in the ability of a mtrm/+ oocyte to facilitate the proper movement of achiasmate chromosomes on the spindle and not on a failure to properly build a normal spindle. ) revealed oocyte nuclei that were severely abnormal in both prometaphase I and metaphase I (Fig. 2 D-G) . In some oocytes, intact chromosomes could be observed, but they frequently were not associated into a single chromosome mass or a single spindle (Fig. 2D) . Using indirect immunofluorescence microscopy, we failed to observe any clear α-tubulin associated with the DNA in 10 of 15 mtrm Df /mtrm 126 oocytes. In 1 of 15 oocytes, α-tubulin was recruited to the spindle, but the spindle was abnormally shaped to accommodate the misaligned chromosomes (Fig. 2D) , and in 2 of 15 oocytes multiple spindles formed around wellseparated DNA masses. Only 2 of 15 oocytes had relatively wildtype looking spindles.
In many oocytes the nucleus appeared severely fragmented, with the nuclei identified only by staining with a FISH probe to a heterochromatic sequence of the fourth chromosome (Fig. 2G) . In the FISH experiments the heterochromatic probe showed varying degrees of fragmentation (Fig. 2 E-G (Table S1 ). This rescue is consistent with the ability of this construct to strongly bind Polo and to rescue the chromosome missegregation phenotypes of mtrm heterozygotes (Table 1 and Table S1 ). With the notable exception of the mtrm SAM-deletion construct (see below), the behavior of the mutant constructs with respect to the sterility defect was consistent with their behavior in the mtrm/+ nondisjunction assay described above. The expression of either mtrm S39A or mtrm S137A in a mtrm-null background was able to rescue the sterility phenotype, but overexpression of mtrm T40A , mtrm S48A , mtrm S52A , and mtrm Nterm-deletion was unable to rescue sterility (Table S1 ). These observations are consistent with the inability of these mutants to bind Polo. However, unlike mtrm FL , the mtrm SAM-deletion construct failed to rescue the sterility observed in the complete absence of any wild-type Mtrm protein (i.e., in mtrm homozygotes) (Table S1 ).
To understand the cause of the sterility, embryos from mtrm Df / mtrm 126 mothers were examined. These embryos frequently failed to show any normal mitotic divisions (Fig. S5A) . Nuclei could not be identified in 22 of 59 embryos from mtrm Df /mtrm 126 . The lack of a recognizable female pronucleus in many embryos suggests that the fragmentation observed in oocytes continues until the nucleus completely degrades. The lack of a male pronucleus suggests that either mtrm Df /mtrm 126 female oocytes fail to be fertilized or that the male pronucleus is also degraded. In 31 of 59 embryos, one or a few aberrant nuclei could be observed. The chromosome morphology in these embryos did not indicate an arrest at any stage of the mitotic cell cycle. The chromosomes were often separated into chromatids, and if multiple nuclei were present they sometimes appeared uneven in DNA content. In only one embryo was any development observed. With the exception of this embryo, only anastral spindles were observed in embryos from mtrm Df /mtrm 126 mothers. Those embryos lacking DNA or those with the most aberrant DNA morphologies typically lacked spindles altogether, although in a few instances small empty spindles or aster-like structures lacking DNA were observed (Fig. S5B) . The defects observed in embryos suggest that meiosis was not successfully completed in most mtrm Df /mtrm 126 oocytes; hence, the sterility is likely because of the observed meiotic defects.
Normal (Fig.  S5D ). This result is consistent with the failure of this construct to rescue the sterility of mtrm Df /mtrm 126 females (Table S1 ). Embryos from mtrm Df /mtrm 126 females containing the mtrm SAM-deletion construct also failed to initiate normal mitotic divisions, with 5 of 25 embryos containing no apparent chromosomes and 20 of 25 embryos with aberrant DNA morphology (Fig.  S5E) , which is consistent with the mtrm SAM-deletion construct's inability to rescue the sterility observed in the complete absence of any wild-type Mtrm protein (i.e., in mtrm homozygotes) (Table S1 ). All observed spindles were anastral. The failure of mtrm SAM-deletion to rescue the sterility of mtrm homozygotes is best explained by suggesting that the weak Mtrm SAM-deletion ::Polo interaction, although sufficient to rescue the milder meiotic defects seen in mtrm/+ heterozygotes (i.e., in the presence of one wild-type copy of mtrm), it is not strong enough to overcome the more severe defects associated with a complete loss of Mtrm (or not strong enough to be visible by co-IP). These results indicate that the role Mtrm plays to prevent sterility requires robust binding to Polo protein. The ability of the mtrm SAM-deletion construct to rescue some but not all of the phenotypes of mtrm mutants, along with the FCCS data, suggest that a varying degree of Polo binding is required for different meiotic processes to progress properly. It is, however, surprising that the binding of Mtrm SAM-deletion to Polo is only observed in stage 14 oocytes, but in the data presented above, the defects in achiasmate segregation observed in mtrm/+ heterozygotes are cytologically visible at stage 13. To explain this discrepancy we can suggest either that levels of Mtrm SAM-deletion ::Polo complexes may be too low to be detected by FCCS, yet are indeed present at stage 13 at sufficient levels to provide function, or as suggested by Gilliland et al. (18) , that the events leading to the creation of the metaphase chromosome mass at stage 13 allow the oocyte to rescue errors in meiotic orientation even as late as stage 14.
Discussion
The data presented above provide insights both into the roles of Mtrm during meiosis I and into the mechanism of the physical Mtrm::Polo interaction. Oocytes completely lacking mtrm display severe defects in meiosis I chromosome alignment and morphology. Xiang et al. (12) noted an unusually decondensed morphology of meiotic chromosomes following NEB in mtrm heterozygotes. This finding leads us to speculate that robust binding of Mtrm to Polo during prometaphase I is critical for the maintenance of chromosome integrity. Both the genetic studies described by Xiang et al. (12) and the demonstration here that the defects observed in various mtrm mutant females correlate with the ability of those mutant proteins to bind Polo argue strongly that Mtrm exerts these functions via its physical interaction with Polo.
The demonstration by Von Stetina et al. (14) that Mtrm levels increase dramatically after stage 12, and our demonstration of a parallel increase in the concentration of Polo from stages 13-14 above, raises the question of the roles Mtrm plays after NEB. The simplest interpretation of these observations is that Mtrm levels increase in parallel with Polo levels to inhibit the activity of Polo during meiosis I. This paradigm is consistent with the primary observation that the phenotypes observed in mtrm/+ females are fully suppressed by simultaneously reducing the dose of polo + . However, such a view raises two important questions: (i) Why is it so critical to block Polo activity during stages 12-14 of oogenesis. (ii) Does Mtrm fully inhibit Polo with respect to all targets or is it selective, blocking Polo from some targets but not others?
We propose below that multiple lines of evidence argue that Mtrm's primary, if not sole function is to repress Polo during stages 12-14. Failure to do so results in meiotic failure in mtrm/+ heterozygotes and meiotic catastrophe in mtrm homozygotes. Because of Polo's many roles in regulating cell cycle entry and exit and in regulating microtubule-organizing centers, there are numerous potential targets whose misregulation by inappropriate Polo phosphorylation in mtrm mutants might contribute to these defects (3, 23) . However, known chromosomal or spindle proteins that are regulated by Polo are obvious candidates. For example, Polo has been shown to phosphorylate Mei-S332 (Shugoshin), a regulator of sister chromatid cohesion in meiosis and mitosis (24) . Polo also localizes to centromeres during meiosis I in Drosophila oocytes (25) , and it has been implicated in creating stable kinetochore/microtubule attachments (26) and in regulating the spindle assembly checkpoint in various systems (reviewed in refs. 3 and 24) . Misregulation of these types of Polo targets could potentially lead to the chromosome misalignment and segregation defects observed in mtrm mutants. Investigating the targets of Polo that are misregulated in mtrm mutants will be an important avenue for future investigations. One possible plan of attack might be the type of quantitative mass spectroscopy study performed by Santamaria et al. (27) to identify those proteins that are phosphorylated in mtrm/+ or mtrm/mtrm females, but not in mtrm + females.
Two Mutants Disrupt Meiosis and Early Embryogenesis, as Well as
Alter the Abundance of Mtrm and Polo. Mutations in endos and greatwall have been shown to genetically interact with mtrm mutations (13, 14) . mtrm/+;endos/+ females display decreased female fertility as a consequence of defects in early embryogenesis; however, this defect can be rescued by simultaneously reducing the dose of polo + . Given that Von Stetina et al. (14) elegantly showed that Endos is required to allow the increase in Mtrm concentration observed in stage 13 and 14 oocytes, the genetic data are best reconciled with the view that the strong decrease in fertility of mtrm/+;endos/+ females reflects a further reduction in the levels of Mtrm, a problem that is suppressible simply by creating a corresponding decrease in Polo. Similarly, the Scant allele of greatwall, which appears to act by decreasing Polo activity during female meiosis, partially suppresses the meiotic defects seen in mtrm/+ heterozygotes (13) . Therefore, in both of these examples the interaction with mtrm mutants appears to reflect the ratio of Mtrm and Polo in the oocyte and thus likely the ability of Mtrm to repress Polo. Additionally, embryos from mtrm Df /mtrm 126 females display some of the same defects as embryos from females mutant for endos and twine, a downstream target of Polo (28) . Because of the fragility of embryos from females homozygous for the female specific alleles of greatwall, the embryonic defects caused by stronger greatwall mutations cannot be compared with those caused by mtrm mutations (13) . These data, as well as the observation that endos mutants display reductions in Polo and Cdc25/Twine (28) , suggest that the regulation of Mtrm, Polo, and targets of Polo by Endos/Greatwall and other proteins regulating meiotic progression is likely complex with potentially many levels of feedback. (These complex interactions are more fully reviewed in ref. 29 ).
How Does Mtrm Bind Polo? We have presented three lines of evidence that Mtrm::Polo binding is noncanonical. First, S39A of the S-pS/pT-P motif is not required for binding to Polo. This residue is necessary for Polo to bind most, although not all, of its target proteins (6, 19) . There are, however, other rare examples of Polo binding in which the serine at the −1 position of the S-pS/ pT-P/X motif is not critical for PBD-dependent binding. One such example is the interaction of Plk1 and Mklp2 in HeLa cells, which serves to localize Plk1 to the central spindle midbody to regulate cytokinesis. In this case, the sequence required for PBD binding is H-pS-L (30) . Second, all three phosphorylatable amino acids in the N-terminal region (T40, S48, and S52) are essential for Mtrm::Polo binding. Third, the classic pincer mutant of Polo can still bind to Mtrm, indicating that Polo is using an unknown binding surface to interact with Mtrm. X-ray structure studies of the human Plk1 PBD complexed to a phosphopeptide performed by Elia et al. (6) showed that Plk1 uses the histidine and lysine pincer residues to bind the phosphate of the threonine of the S-pS/pT-P motif, and this binding leads to a highly favorable interaction with the serine at the −1 position. Our observation that neither the histidine and lysine residues of Polo nor the −1 serine residue of Mtrm are essential for Mtrm:: Polo binding suggests that the PBD of Polo is assuming a conformation different from that observed by Elia et al. (6) to bind Mtrm or is using a different surface of the PBD entirely.
Proteomic analysis of Mtrm showed that T40, S48, and S52 are phosphorylated (12) , and we found that mutation of any residue to alanine resulted in an allele of mtrm that was unable to bind Polo. Taken together, these data strongly suggest that phosphorylation of T40, S48, and S52 facilitates Mtrm::Polo binding. However, it is formally possible that the hydroxyl group of these residues is required for Polo binding, either through direct contacts with Polo or as a result of a role in Mtrm structure. At least in the case of T40, this possibility seems unlikely because the T40A mutant is able to interact with Polo in the Y2H assay.
More importantly, phosphorylation is typically required for Polo to bind its targets. If it is indeed the hydroxyl group and not a phosphate that is mediating the binding of Mtrm to Polo, this would further illustrate the noncanonical nature of the Mtrm:: Polo interaction.
A second distinct domain of Mtrm is required for robust binding of Polo to Mtrm. The role of the SAM domain in strengthening the Mtrm::Polo interaction is unknown, especially because a distinct second domain has not been described for most other noncanonical interactors of Polo. To explain these data we propose a "mouse-trap"-like model in which the Nterminal region of Mtrm acts like the "cheese" and the SAM domain then functions like the metal clasp that tightly binds the poor rodent (Polo).
Like Mtrm, most other noncanonical interactors of Polo appear to be regulators of Polo at specific stages of the cell cycle rather than Polo targets (7) . For example, Polo has been shown to robustly interact with the microtubule-associated protein Map205 during interphase of the cell cycle (9) . Although a functional PBD is required for this binding, it occurs by a phospho-independent mechanism. Moreover, perhaps in a fashion analogous to the interaction of the SAM domain of Mtrm with Polo, the Polo::Map205 interaction requires an additional 162-aa region in Map205 (9) .
Another example of a noncanonical Polo interaction is the binding of the yeast protein Dbf4 with the yeast homolog of Polo, Cdc5 (31) . Dbf4 was shown to interact with the Cdc5 PBD through a noncanonical R-S-I-E-G-A protein motif in Dbf4. Notably, the serine in R-S-I-E-G-A is not phosphorylated. Moreover, the PBD pincer mutant is still able to robustly interact with Dbf4 as assayed by Y2H analysis, suggesting that Dbf4 may interact with a distinct binding surface on the PBD (31) .
Similarly, Bora interacts with the Aurora A kinase to control Polo activity and thus to regulate mitotic entry in HeLa cells (30) . Although the specific PBD binding site on Bora has not yet been determined, the interaction is not dependent on phosphorylation of Bora. Furthermore, Bora appears capable of interacting with both the kinase domain and the PBD of Plk1 (30) . Understanding noncanonical Polo binding, like Mtrm to Polo, may provide new directions in the efforts to create small molecule inhibitors of Polo that can be used as anticancer therapeutic agents with higher efficacy in inhibiting tumor growth and less toxicity to normal dividing cells.
Materials and Methods
Drosophila Stocks. Descriptions of genetic markers can be found at www. flybase.org. y w;spa pol or FM7w/y w; spa pol were used as the wild-type strains. The mtrm alleles used in these studies were a deficiency uncovering mtrm, Df(3L)66C-T2-10, and the excision allele, mtrm 126 (11). The nanosGAL4:VP16 driver on chromosome 3 was used to drive overexpression constructs (22) . Recombinant versions of chromosome 3 with mtrm 126 or mtrm Df(3L)66C-T2-10 and the nanosGAL4:VP16 driver were created through standard genetic crosses.
Generation of Transgenes.
To build the FLAG-tagged and UASp-driven mtrm FL rescue transgene, the mtrm coding region was PCR-amplified to contain a 5′ NotI and a 3′BamHI restriction site and then subcloned into the pUASp-attB-3XFLAG vector (a gift from Satomi Takeo, School of Life and Environmental Sciences, University of Tsukuba, Ibarki, Japan).
To construct the mtrm point mutant transgenes, the mtrm coding region was subcloned into pBluescriptSKII + . The Stowers Molecular Biology facility made the point mutations using the Stratagene QuikChange II XL SiteDirected Mutagenesis Kit. The inserts were subcloned back into pUASPattB-3XFLAG, and the sequences were verified.
To construct the mtrm Nterm-deletion transgene, the primers 5′-cggggatccatgcccatcgagaatatgggcacg-3′ and 5′-cggggattcttaaagagtgtggagcacatccatg-3′ were used to amplify base pairs 160-654 of the mtrm coding region and subcloned into pUASp-attB-3XFLAG. To construct the mtrm SAM-deletion transgene, the primers 5′-cggcggccgcatggagaattctcgcacgc-3′ and 5′-cgggcggccgcccgagtggttcgatgctttg-3′ were used to amplify base pairs 1-459 of the mtrm coding region and subcloned into pUASpattB-3XFLAG. The constructs were sequenced to verify accuracy.
To construct the mtrm FL construct driven by the genomic mtrm promoter for FCCS, the following fragments were generated by PCR from a wild-type mtrm construct and pFPV-mCherry (a gift from the Susan Abmayr laboratory, Stowers Institute for Medical Research, Kansas City, MO) and ligated into pBluescriptSKII+: BamHI-mtrm 5′UTR-AvrII, AvrII-mCherry-PacI, PacImtrm + 3′UTR-XhoI. The Stowers Molecular Biology facility deleted the AvrII and PacI sites using the Stratagene QuikChange II XL Site-Directed Mutagenesis Kit. The insert was digested and ligated into pCasPeR4-attB, and the sequence verified. To build the pCa4-attB mCherry-mtrm SAM-deletion construct driven by the mtrm promoter, the SAM domain (bp 460-654 of mtrm coding) was deleted from the wild-type mCherry construct in pBluescriptSKII + by amplifying the plasmid with the primers 5′-cgagtggttcgatgctttgatgg-3′ and 5′-taagtgaatcgctggcatgtccatc-3′, treating with T4 polynucleotide kinase, ligating the pieces back together, and sequencing. The BamHI-XhoI fragment was then subcloned into pCasPeR4-attB. The same method was used to construct the pCa4-attB mCherry-mtrm Nterm-deletion construct, deleting bp 4-159 of the mtrm coding region, using the primers 5′-atcgagaatatgggcacgaagg-3′ and 5′-cttgtacagctcgtccatgcc-3′. The sequences were verified.
To build the pCasPeR4-attB GFP-polo transgenes driven by the polo promoter, a GFP-polo transgene on the X (31) was used as a template to amplify the transgene in two parts: the primers 5′-gatcgatcctcgagttctcgcgcaccattag-3′ and 5′-gatcgatcaagcttacaagattcccacacacaggctc-3′ were used to amplify a 2,790-bp fragment flanked with XhoI and HindIII, respectively, and the primers 5′-gatcgatcaagcttacgagcctgtgtgtgtgtgttc-3′ and 5′-gatcgatcactag ggatcctcgtccgcagcctt-3′ were used to amplify a 4,903-bp fragment, flanked with HindIII and SpeI, respectively. These fragments were then subcloned into pBluescriptSKII + to create the GFP-polo wt construct. The GFP-Polo H518A K520M double mutant was made in this plasmid by the Stowers Molecular Biology facility using the Stratagene QuikChange II XL Site-Directed Mutagenesis Kit. The inserts were subcloned into pCasPeR4-attB, and sequenced to ensure accuracy. Both wildtype and mutant constructs were tested for their ability to rescue the sterility of polo 1/Df(3L)rdgC-co2 females and the lethality of polo 16-1/Df(3L)rdgC-co2 flies. In the presence of one copy of the GFP-polo wt construct, polo 1/Df(3L)rdgC-co2 females produced an average of 23.9 progeny per female over 18 d when mated to wild-type males (n = 21), and two copies of the GFP-polo wt construct produced an average of 30.9 progeny per female (n = 21).
In the presence of either one or two copies of the GFP-Polo H518A K520M
double-mutant construct, polo 1/Df(3L)rdgC-co2 females remained fully sterile and produced no progeny (at least five females of each genotype were tested). GFP-polo WT rescued the lethality of polo 16-1/Df(3L)rdgC-co2 flies but females were sterile. The GFP-Polo H518A K520M construct failed to rescue the lethality of polo 16-1/ Df(3L)rdgC-co2 mutants.
Transgenes bearing mCherry driven by the previously defined mtrm regulatory region and UASP-GFP driven by nanosGAL4:VP16 were used as controls for FCCS. pCasPeR4-attB-mCherry was built by deleting the mtrm coding region in pBS mCherry-mtrm by amplifying the plasmid using the primers 5′-cttgtacagctcgtccatgcc-3′ and 5′-taagtgaatcgctggcatgtccatc-3′ with Phusion Hot Start II DNA polymerase, treating with T4 polynucleotide kinase, ligating back together, and sequencing to confirm accuracy. pUASPattB-GFP was built by ligating NotI-gfp-BamHI, which had been amplified from pCasPeR4-attB-GFP-polo DNA, into pUASPattB that had been linearized with NotI and BamHI.
All transgenic constructs were submitted to Genetic Services for injection into the attP40 line using phiC31 site-specific integration. Two lines were examined for each transgenic construct. In all cases, both lines displayed a similar ability to rescue mutant phenotypes.
Y2H Analysis. Y2H assays were performed using the Matchmaker two-hybrid system 3 (Clontech). Full-length mtrm and various mtrm mutants were cloned into pGADT7 vector and transformed into yeast strain AH109 (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1 UAS -GAL1 TATA -HIS3, GAL2 UAS -GAL2 TATA -ADE2, URA3::MEL1 UAS -MEL1 TATA -lacZ). Full-length polo and the Polo H518A K520M constructs were cloned into pGBKT7 and transformed into yeast strain Y187 (MATα, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, met -, gal80Δ, URA3::GAL1 UAS -GAL1 TATA -lacZ) (Clontech). The transformed strains were mated on YPD overnight, and diploids containing both constructs were then selected on SD plates lacking tryptophan and leucine. These plates were then cultured overnight and serially diluted 10-fold and spotted onto the same plates and also plates lacking histidine and containing 2 mM 3-aminotriazole (3-AT) cultured for 5 d at 30°C.
MudPIT Analysis. MudPIT analysis was done as in Xiang et al. (12) with the following modifications. Tandem mass (MS/MS) spectra were interpreted using SEQUEST against a database containing the sequence for Drosophila Mtrm-FLAG combined with S. cerevisiae nonredundant proteins (National Center for Biotechnology Information, March 2007 release) and 177 usual contaminants. The average false-discovery rates (FDR) was 0.16% at the spectral level. Normalized spectral abundance factor (NSAF) values and FDR for proteins detected across all runs were calculated using NSAF7 (an inhouse software tool developed by Tim Wen). ; spa pol tester females, as well as corresponding internal control female siblings of the same genotype but lacking the transgene, were collected and tested for each case, and internal controls are reflected cumulatively. For each line, at least 10 such tester females were individually crossed to attached -XY, y+ v f B; C(4), ci ey R males, and the frequency of X and fourth chromosome nondisjunction at meiosis I was assessed as described in Harris et al. (11) ;spa pol control siblings were placed in vials with wild-type y w/y+Y;spa pol males. At least 10 females per genotype per mutant line were tested and fertility was determined 7 d later by the presence or absence of larvae. For each genotype sterility was defined as a complete absence of larvae in all vials examined.
Coimmunoprecipitations. Ovaries from 50 yeast-fed, 2-d-old female flies were dissected in 1× PBS. The ovaries were then homogenized with a pestle grinder in 100 μL cold Drosophila Extraction Buffer (DXB) containing 25 mM Hepes (pH 6.8), 50 mM KCl, 1 mM MgCl 2 , 1 mM DTT, 125 mM sucrose, and 100 μM protease inhibitor mixture (Calbiochem). Lysates were then centrifuged at 20,817 × g for 10 min at 4°C; the pellet was rehomogenized and then centrifuged again at 20,817 × g for 15 min at 4°C. The supernatant was collected, with 10 μL of each set aside to use as a lysate-only control.
For immunoprecipitations using 3× FLAG-tagged transgenic flies, 50 μL of α-FLAG beads were washed twice with cold 1× PBS and twice with cold DXB. The ovary extract was added to the beads and incubated for 1 h at 4°C. The samples were then centrifuged for 3 min at 1,376 × g and the supernatant was discarded. After three washes in cold PBS, 100 μL of 200 ng/μL FLAG peptide was added to the beads and incubated at 4°C for 30 min and then the supernatant was collected.
For all other immunoprecipitations, at least 1 μg of antibody was added to the ovary extract and incubated overnight at 4°C. Protein A agarose beads were prepared, and 100 μL were added to the ovary extract/antibody mixture and incubated at 4°C for 4 h. The beads were then washed four times with PBS.
For Western blotting, 4× lithium dodecyl sulfate sample buffer and 10× reducing agent were added (NuPAGE) and boiled at 70°C for 10 min before being loaded on a 12% (wt/vol) nongradient NuPAGE gel. Primary antibodies used for the co-IPs and Westerns were rabbit anti-GFP (1:5,000; Abcam), mouse anti-FLAG (1:1,000; Sigma), mouse anti-Polo (1:300; gift of the Claudio Sunkel laboratory, Instituto de Biologia Molecular e Celular, Universidade do Porto, Porto, Portugal), rabbit anti-Mtrm (1:300) (12) , and rat anti-α-tubulin (1:2,000; AbD Serotec). Alkaline phosphatase secondary antibodies were used and the Western was developed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphatase (NBT/BCIP).
